taxonomy have caused an increase in the number of species' discoveries in groups with morphological characters that are difficult to study or in those containing polytypic species. But some emerged criticisms plead for a taxonomic conservatism grounded either on the requirement of providing evidences of morphological distinctiveness or reproductive barriers to erect new species names. In a case study of taxonomic research on Neotropical frogs, we combine several lines of evidence (morphological characters, prezygotic reproductive isolation and phylogenetic analyses of mitochondrial DNA) to test the status of 15 nominal species and to assess the degree of agreement of the different lines of evidence. Our study reveals that morphology alone is not sufficient to uncover all species, as there is no other single line of evidence independently. Full congruence between lines of evidence is restricted to only four out of the 15 species. Five species show congruence of two lines of evidence, whereas the remaining six are supported by only one. The use of divergence in morphological characters seems to be the most conservative approach to delineate species boundaries because it does not allow the identification of some sibling reciprocally monophyletic species differing in their advertisement calls. The separate analysis of differences in advertisement calls (evidence of reproductive isolation) or of phylogenetic data alone also shows limitations, because they do not support some morphological species. Our study shows that only an integrative approach combining all sources of evidence provides the necessary feedback to evaluate the taxonomic status of existing species and to detect putative new ones. Furthermore, the application of integrative taxonomy enables the identification of hypotheses about the existence of species that will probably be rejected or changed, and those that can be expected to persist.
Introduction
Almost 60 years after the proposal of the evolutionary species concept (Simpson 1951) , systematists are only recently accepting that species are temporal segments of separately evolving lineages (Wiens 2007) . The lineage concept implies that the only necessary and sufficient property for an entity to be a species is that it corresponds to a temporal segment of a populational or metapopulational lineage evolving separately from other lineages, and that no trait alone (e.g. reproductive incompatibility, morphological differentiation, etc.) can be considered as a biological property that a species must show to be recognized as such (Wiley 1978; Frost & Kluge 1994; Mayden 1997 Mayden , 2002 de Queiroz 2005a de Queiroz ,b,c, 2007 . The fundamental implication of the evolutionary (or lineage) concept for taxonomy is that it allows breaking operational circularity because no single suit of characters can now be defended as the best line of evidence to reveal species (as separate biological entities) or to assess the status of nominal species. Any kind of evidence can, therefore, be used to propose an initial hypothesis. Evidences or tests that are different from those used for proposing the initial hypothesis can be brought up to try to corroborate it (Faith & Trueman 2001; Faith 2004) . If a species is described, for example, on the sole basis of morphology, by providing additional lines of evidence through different operational methods with different underlying assumptions, as phylogenetic analyses of DNA or analyses of reproductive barriers, we can gain confidence in our species (De Queiroz 2007) and escape circularity (Desalle et al. 2005) . This has been routinely performed by many taxonomists when new approaches based on new suites of evidence (e.g. allozymes, DNA, ecological niche data, advertisement calls) were analysed, but commonly without an explicit acceptance of the conceptual framework provided by the evolutionary species concept. Thus, incongruence among lines of evidence was commonly interpreted either as evidence of erroneous taxonomic hypotheses or of the intrinsic limitations of particular concepts, methods or characters (Sites & Marshall 2004) . Under this species concept, incongruence is expected as biological properties of lineages never arise in a given particular order or quantity (Wiley 1978 (Wiley , 1981 .
The framework provided by the lineage concept is being rapidly accepted by most phylogeneticists and population biologists who aim at delineating species boundaries (Wiley 1981; Wiens & Penkrot 2002; Funk & Omland 2003; Hey et al. 2003; Sites & Marshall 2004; Wiens 2007; , and gradually by some taxonomists (Dayrat 2005; Padial & De la Riva 2006; Agnarson & Kuntner 2007) . Dayrat (2005) labelled the taxonomic research that explicitly accepts the implications of the evolutionary species concept as 'Integrative Taxonomy'.
Integrative taxonomists who use new and disparate lines of evidence to discover and support species have, nevertheless, not escaped criticism. For example, the rapid increase in the number of morphological species being reassessed by the application of DNA-based taxonomy (Agapow et al. 2004) has led to many taxonomic changes that are not well-received by some users of species names, who see their comparative units changing or their funds becoming insufficient for species-specific conservation plans (e.g. Isaac et al. 2004; Meiri & Mace 2007) . Integrative taxonomists have also been criticized by those taxonomists who either show explicit preference for morphological characters (e.g. Valdecasas et al. 2008) , and/or are also afraid that funding initially destined to morphological taxonomic revisions might be deviated towards funding DNA taxonomy or DNA barcoding (e.g. Wheeler 2005 Wheeler , 2007 . Others have even launched the proposal of promoting taxonomic conservatism following arbitrary criteria of morphological distinctness and reproductive isolation to accept changes or the erection of new species names (e.g. Meiri & Mace 2007) .
We provide a review of our own taxonomic research on Bolivian and southern Peruvian frogs of the genus Pristimantis (Amphibia: Anura, Strabomantidae) to illustrate how the use of a single line of evidence would have not allowed the discovery of all species considered. We show how combining several sources of evidence flags taxonomic problems that are in need of special attention, and identifies which species hypotheses can be expected to persist with some stability and which are most likely to change their status or to be rejected. We evaluate the reliability of species through a reanalysis of their morphological characters, by exploring differences in their advertisement calls (as evidence of prezygotic reproductive isolation), and by evaluating their monophyly through phylogenetic analyses of a fragment of the mitochondrial DNA (mtDNA) 16S gene, a sequence commonly used in DNA taxonomy of frogs (Köhler et al. 2005; Vences et al. 2005) .
Comparing different lines of evidence to test species in the genus Pristimantis is challenging. With approximately 400 species currently recognized, it represents the most speciesrich monophyletic genus of terrestrial vertebrates (Hedges et al. 2008) . Pristimantis shares the burdening characteristics of many taxonomically complex tropical groups: individuals are difficult to detect (resulting in few sampled individuals for species descriptions), they possess subtle morphological differences, and commonly show high levels of intraspecific polymorphism. Thus, although our example is restricted to frogs, it probably mirrors similar situations in many other groups of tropical organisms.
In short, this study shows that an integrative taxonomy grounded on evolutionary theory is necessary to accomplish a reliable inventory of Earth's biodiversity.
Materials and methods
A total of 26 species of Pristimantis are currently known for the Amazonian versant of the Andes and adjacent lowlands from central Bolivia to southern Peru (Padial et al. 2004; Duellman 2005; Padial & De la Riva 2009 ), all of them belonging to three morphologically well-distinguished supraspecific taxa: the subgenus Yunganastes (monophyletic), the Pristimantis conspicillatus species group (monophyletic) and the P. unistrigatus species group. The latter is non-monophyletic because the pair P. llojsintuta and P. platydactylus belongs to this group (see Fig. 1 ). The subgenus Yunganastes contains five species endemic to the Andes of central Bolivia and southern Peru (Padial et al. 2007 ). The P. unistrigatus and P. conspicillatus groups are species-rich taxa with members occurring in the Andes and the Amazon basin from central Bolivia to northern South America (Frost 2007; Hedges et al. 2008) .
For this study, we compared the external morphology of 1538 specimens belonging to the 26 species (including type specimens) occurring in the Amazonian versant of the Andes and adjacent lowlands from central Bolivia to southern Peru belonging to these three supraspecific taxa (see Appendix 1 for a list of specimens studied for each species). We thus assessed both, the accurateness of the original description and the validity of each species based on morphological characters. In other words, we evaluated that each species has diverged in morphology from all other species occurring in the area. We also compared the advertisement calls of 14 of these species to determine whether prezygotic reproductive barriers were likely to exist. Finally, we performed phylogenetic analyses of a fragment of the 16S mtDNA gene to assess their monophyly in this gene genealogy. Our data set allows us to test the status of 15 species of Pristimantis for which at least two lines of evidence were available (Table 1) .
Morphology
To determine the degree of morphological divergence among species, we investigated ten external qualitative characters (see Appendix 2 for characters and states) that are broadly used to describe Pristimantis species (Lynch & Duellman 1997; Köhler 2000a; Duellman 2005; Padial & De la Riva 2009) . Following Wiens & Servedio (2000) , if a trait is putatively fixed in a sample of at least ten specimens, there is at least a 95% probability that the trait is fixed for the species. With exception of P. ashkapara, for which < 10 specimens are known (Köhler 2000b; Padial et al. 2007) , we always examined more than ten (Appendix 1).
We consider that a species shows divergence in morphology when exhibiting at least one fixed character state not shared with each of the other species. The underlying assumption is that fixed differences in morphology might be strong evidence of reduced or absent gene flow (Wiens & Servedio 2000) , and those differences usually coincide with separate units defined by reproductive gaps (Rieseberg et al. 2006 ) and molecular divergences (Avise & Deette 1999) , constituting thus evidence of lineage divergence. We compiled a data matrix with all characters and states and reconstructed a Neighbor-joining dendrogram with the exclusive aim of providing a way to visualize the degree of overlap. We did not intend to reconstruct phylogenetic relationships or to estimate character distances between species.
Reproductive barriers
Information about advertisement calls for Pristimantis was extracted from published descriptions ( Table 2) . A detailed description of methods used for call analyses and terminology of characters can be found in Köhler (2000a) and Padial et al. (Duellman, 1978) Morphology Yes Yes Yes Stable P. samaipatae (Köhler and Jungfer, 1995) Morphology Yes No Yes Stable P. toftae (Duellman, 1978) Morphology Yes Yes Yes Stable
Original description indicates main evidence used to describe the species. Morphology indicates if the species has diverged or not in at least one fixed character state (see text, Fig. 2 and Appendix 2). Advertisement call indicates if the species' advertisement call shows a distinctive structure or does not overlap in quantitative characters with those in other species (Table 2) . Monophyly indicates if there is significant Bayesian support for the monophyly of the species, reconstructed using a 528-bp fragment of the mtDNA 16S gene ( Fig. 1 ; for the species P. ashkapara and P. fraudator only one specimen was sequenced). Taxonomic status indicates recommended degree of stability that can be expected from the nominal species (see text).
P. danae Pulsed 1 7-13 (11 ± 1.2) 1-2 (1.9 ± 0.2) 1369-2925 87 87 4 2 (2210 ± 553.4) P. llojsintuta Non-pulsed 5-6 7-14 (9.9 ± 2.5) 0 2588-2973 54 6 3 2 (2746.3 ± 122.7) P. platydactylus Non-pulsed 1-6 2.7-5.6 (3.7 ± 0.9) 0 2342.3-2927. (2008b). Among the species considered, only the call of P. mercedesae is unknown. Sample sizes did not allow for temperature and body size corrections. Advertisement call differences are usually interpreted as evidence of lineage divergence that can be used to discover species (Bickford et al. 2007; Vences & Wake 2007; Padial et al. 2008a,b) . The underlying assumption is that differences in advertisement calls evidence the likely existence of prezygotic reproductive barriers (Gerhardt 1994; Ryan & Kime 2003) , because the neurological structure controlling the female auditory system is adapted to detect and select calls of conspecific males (Ryan 1988) . The suggestion of prezygotic reproductive barriers should not be confounded with evidence of reproductive incompatibility, because species showing differences in advertisement call can and do hybridize (Pfennig 2007) . We consider that advertisement calls conclusively indicate the existence of prezygotic reproductive barriers when they show structural differences (pulsed vs. non-pulsed) or do not overlap in quantitative parameters (note length, call length, number of notes per call, number of pulses and dominant frequency).
Monophyly and genetic distances
To assess the monophyly and calculate genetic distances, we used a 528-base pair (bp) fragment of the 16S gene of the mtDNA. This fragment has been broadly used for DNA taxonomy Fouquet et al. 2007 ) and phylogenetics (Darst & Cannatella 2004; Frost et al. 2006 ) of tropical anurans, including Pristimantis (Fouquet et al. 2007; Padial et al. 2007; Hedges et al. 2008) . Our data set included 154 terminals of the 15 nominal species plus three outgroup taxa of the basal genus Oreobates (Hedges et al. 2008; Padial et al. 2008b) . Tissue fragments were obtained from specimens avoiding any damage to structures and organs used for morphological analyses. Tissue samples and extractions are preserved at the public DNA and tissue collection of the Museo Nacional de Ciencias Naturales (Madrid, Spain). DNA sequences for specimens of the nominal species P. platydactylus, P. llojsintuta and P. buccinator were produced for this study, the rest of sequences corresponded to those reported by Padial & De la Riva (2009) and Padial et al. (2007 Padial et al. ( , 2008b . Specimens, locality, original publication and GenBank accession numbers are listed in Appendix 3.
Genomic DNA was extracted from ethanol-preserved tissues using standard phenol-chloroform extraction protocols (Sambrook et al. 1989) . The 16S fragment was amplified and sequenced using the universal primers 16Sar-5′ and 16Sbr-3′ (Hillis et al. 1996) . The polymerase chain reaction (PCR) amplification protocols were as follows: 95 °C/15 s; 35 cycles of 95 °C/30 s, 50 °C/30 s, 72 °C/1 min and 72 °C/10 min. PCR products were visualized in agarose gels, and unincorporated primers and dNTPs were removed from PCR products using ExoSap purification (ExoSap-it, GE Healthcare). Cycle sequencing reactions were completed using the corresponding PCR primers and BigDye Terminator 3.1 chemistry (Applied Biosciences), with a standard cycle sequencing profile (96 °C/3 min; 35 cycles of 96 °C/10 s, 50 °C/15 s, 60 °C/3 min and 72 °C/7 min). Reaction products were purified using ethanol precipitation and run in an ABI 3730xl analyser. Data from two complementary strands were compared to generate a consensus sequence for each DNA fragment using Sequencher 4.1 (Gene Codes Corp. 2000). The 16S fragment was aligned with the software Mafft (Katoh et al. 2005) under the L-INS-i strategy and default parameters. We used the program MODELTEST 3.7 (Posada & Crandall 1998 ) to select the model of sequence evolution that best fits the data. The model and the parameter estimates were chosen by Akaike's information criterion (Akaike 1974 ). The chosen model was General Time Reversible model with a proportion of invariable sites and a gamma-shaped distribution of rates across sites (GTR + I + Γ). For Bayesian phylogenetic analyses (Rannala & Yang 1996) , we used MRBAYES version 3.2.1 (Huelsenbeck & Ronquist 2001) . The majority rule consensus tree was produced from two independent runs, each with one cold (the head chain) and three heated Monte Carlo Markov chains (MCMC) (Yang & Rannala 1997) , run for 10 million generations (Metropolis-coupled MCMC). Trees were sampled every 1000 generations. Burn-in was evaluated by examination of the standard deviation of split frequencies and the likelihood-lnL. Clades with posterior probabilities ≥ 0.95 are considered supported, but we caution that relatively high posterior probabilities for short internodes may be over-estimates of confidence (Alfaro et al. 2003; Erixon et al. 2003) . Monophyly was assessed from the Bayesian phylogenetic tree. In addition, to test the degree of congruence in number of species following the 3% threshold of genetic divergence recommended by Fouquet et al. (2007) for Neotropical anurans, we calculated genetic distances among species using PAUP* 4.0b10 (Swofford 1998) . The monophyly analyses are based on the assumption that coalescent patterns in gene genealogies are related to historical processes that originate separate lineages ( 
Results and discussion

Discordance of lines of evidence
Our analysis shows that no particular line of evidence supports all of the 15 currently accepted species for which at least two lines of evidence were available. Because all are supported by at least one, none of them can be rejected. Only 4 of the 15 nominal species (27%) have diverged in morphology and prezygotic reproductive barriers and are monophyletic. Six other species show congruence in two lines of evidence, whereas the remaining five species are supported by only one (Table 1, Fig. 1 ).
Of the 26 nominal species analysed for morphological divergences, 13 overlap in character states (Fig. 2, Appendix 2) . Only nine of the 15 species selected for the comparison of the different lines of evidence have diverged in morphological characters, although 11 of them were originally described on the basis of morphology only (Table 1) . Moreover, our analysis of morphological divergence seems to be the most restrictive approach because it does not allow the discovery of some sibling monophyletic species well-distinguished by their advertisement calls (e.g. P. ashkapara and P. pluvicanorus). Six species that are not supported by morphology are supported by acoustic characters, and three others are supported by monophyletic.
The use of evidence of prezygotic reproductive barriers also shows some limitations. Only ten of the 14 named species for which this line of evidence is available were unequivocally distinct in their advertisement calls (Table 2, Fig. 1) . Four species not supported by acoustic characters (P. buccinator, P. fenestratus, P. koehleri and P. samaipatae) were monophyletic and show divergences in morphology.
Phylogenetic analyses also did not support the monophyly of all named species. Only ten were supported (Fig. 1, Table 1 ; for two of the species only one specimen was sequenced). For example, two morphologically similar species showing prezygotic reproductive barriers (P. danae and P. reichlei), and two others morphologically divergent (P. koehleri and P. fenestratus) did not receive support for their reciprocal monophyly. In another case, one nominal species (P. llojsintuta) was nested within another one (P. platydactylus).
The meaning of discordance of lines of evidence
Discordance among lines of evidence does not imply that a species hypothesis is invalid. Only the absence of divergence can be used to group two species (Wiley 1981) . Discordance may indeed reflect either sampling biases (e.g. the selected characters did not reflect existing divergences; inadequate sampling across populations, etc.), or the decoupling of character evolution during the divergence of lineages (Smith et al. 2005; Lougheed et al. 2006) . In the case of sampling biases, conciliation of disparate evidences may only require the reassessment of range limits (Heckman et al. 2006) , or reanalysis of characters or original data sets to discover if one or more species were included in the analyses (Page et al. 2005) . In case of decoupling of characters, incongruence of lines of evidence is expected, and can be due to faster divergence in some characters than in others, promoted by different evolutionary processes (Orr & Smith 1998) . For example, rapid adaptive radiations can result in morphologically divergent species with low levels of genetic differentiation (Cunha et al. 2005) . Despite gene flow, selective pressures may result in higher rates of morphological divergence in parapatric populations occupying different habitats than those found among populations isolated for millions of years and even among species (Smith et al. 2005) . In other cases, genetic drift could promote rapid genetic differentiation despite morphological stasis (Sturmbauer & Meyer 1992) . Meiri & Mace (2007) suggested, however, that for recognizing a valid species 'a quantitative comparative approach should show [...] that the degree of observed differences is similar to differences observed between closely related sympatric (i.e. geographically overlapping) species'. They thus try to establish a measure of morphological divergence associated to reproductive isolation that would allow them to decide between what is and what is not a species. But our analysis, together with the examples above, shows that comparable degrees of divergence cannot be expected even for closely related species. For example, sister sympatric species (as P. ashkapara and Fig. 3 Interspecific and intraspecific genetic divergences (uncorrected P) in a 528-bp fragment of the 16S mtDNA gene for 154 terminals of 15 species of Pristimantis from Peru and Bolivia (see Fig. 1 ).
P. pluvicanorus) can be morphologically identical in qualitative characters, even if they have diverged in their mating calls. Other species (as P. buccinator) are morphologically very divergent even if they have not developed prezygotic reproductive barriers and inhabit in allopatry from its most closely related species. In cases of parapatry, closely related species may have scarcely diverged in morphology and prezygotic reproductive barriers and be reciprocally non-monophyletic because of recent divergence after colonizing new habitats through dispersion (Funk & Omland 2003) . This seems to be the case for P. koehleri, P. fenestratus and P. samaipatae. Other species in the same situation (as P. danae and P. reichlei), however, might have evolved strong differences in their prezygotic reproductive barriers.
The use of thresholds of genetic distances to delineate species Fouquet et al. (2007) recently suggested a minimum of 3% of genetic divergence (uncorrected P distances) to identify 'candidate' species of Neotropical anurans including Pristimantis. In our study, interspecific genetic distances for the 15 species of Pristimantis range from 3% to 22% (mean = 15%, SD = 2, n = 8286 comparisons), whereas intraspecific divergences range from 0% to 11% (mean = 5%, SD = 3, n = 3495 comparisons), which implies a broad overlap of intraspecific with interspecific genetic distances (Fig. 3) . Thus, if the 3% threshold was to be applied to our case study, 34 species should be recognized (Fig. 1) . We, however, reject to recognize those 34 units as 'candidate' species because arbitrary thresholds are forbidden by the evolutionary species concept (see earlier). The magnitude of differences in intraspecific genetic divergences varies strongly from lineage to lineage because of the different phenomena involved in the divergences at the population level (Whitlock 2003) . And, although variation in mean intraspecific and interspecific genetic divergences may reflect the different history of species, this variation cannot be used to establish universal thresholds to identify their origins or limits. For example, most species included in our study occur above 1500 m.a.s.l. in the Andes, which may explain the higher divergence in comparison with those found among lowland species (Fouquet et al. 2007 ). The complex Andean orography and intense orogeny (GregoryWodzicki 2000) , together with recent climatic changes (Pennington et al. 2001; Killeen et al. 2007) , might have contributed to reductions in range size and effective population sizes leading to higher amount of genetic differentiation in the Andean species analysed, as evidenced for other groups of montane organisms (Knowles & Richards 2005; Hughes & Eastwood 2006; Weir 2006; ).
The stability of species names
The degree of stability in species names is a matter of great concern for users of species names, who see their comparative units and, hence, their predictions, changing after taxonomic reanalysis (Agapow et al. 2004; Isaac et al. 2004; Padial & De la Riva 2006) . This stability is also important for conservationists, who may sometimes experience the frustration of ignoring which entity they are conserving after taxonomic revisions. Some examples (see later) illustrate that the degree of support varies among species, and so varies the degree of stability we can expect from their names. Complete stability of species names or species lists cannot be demanded to a hypothesis-driven taxonomy (Padial & De la Riva 2006) , but taxonomists can prevent users of species names from having to confront complete uncertainty by providing some indication of the degree of stability that can be expected from recently proposed or evaluated hypotheses (Table 1) .
Of the 15 nominal species evaluated with three lines of evidence, all are supported by at least one, and so none of them is rejected. Among the 15 species, nine are supported by at least two sources of evidence with different underlying assumptions and can be considered as well-supported and stable species (Table 1) . But among the other six species, differences in support are evident.
On one side, the siblings P. fenestratus and P. koehleri are reciprocally monophyletic but without support, and their advertisement call parameters overlap. Also, the siblings P. danae and P. reichlei are reciprocally monophyletic but without support, and are morphologically cryptic but have differentiated advertisement calls (Fig. 1) . This situation suggests that those species could have diverged recently, and species boundaries are, therefore, more difficult to interpret in absence of sufficiently large sample sizes (Funk & Omland 2003; Shaffer & Thomson 2007) . The status of these four species is, therefore, very likely to be confirmed by adding more specimens or characters. We here consider them stable.
Pristimantis llojsintuta and P. platydactylus, represent a different panorama. The phylogenetic analysis of the 16S gene indicates that P. llojsintuta forms a monophyletic group nested within what is called now P. platydactylus (see Fig. 1) ; the calls differ between them, but so far we have been unable to find any morphological character to tell them apart. This could suggest that they represent a single species, the distinctive call of P. llojsintuta being only the result of confusion with another type of call (e.g. aggressive call). Divergent basal lineages for P. platydactylus also suggests that this species name probably represents a complex of morphologically cryptic species, one of them being P. llojsintuta. Thus, if P. platydactylus would be split in several species, the name P. llojsintuta and P. platydactylus would be applied to entities different from those to which they currently refer to. In short, the status of the species hypotheses P. llojsintuta and Bolivian P. platydactylus are pending further analyses and increasing taxon sampling. We recommend to considering these species names instable.
Conclusions
The exclusive use of single lines of evidence or the application of arbitrary thresholds to discover species does not only impair and bias our potential for discoveries, but also limits the possibility to understand evolutionary processes. Only an integrative approach combining every source of evidence provides the necessary feedback to test and discover all species. This approach further allows identifying those species that are probably representing stable comparative units, to flag species pending reassessment and to predict future taxonomic changes. Integrative taxonomists should provide users of species names with information about the degree of stability that they can expect from nominal species. Taxonomy will become thus more valuable for those users of species names that need as much stability as possible in their comparative units. 
